Abstract Femoral malrotation in total knee arthroplasty causes flexion gap instability. Conventional instruments mostly reference the posterior condylar angle (PCA). The aim of this study was to verify whether the computernavigated flexion gap (GAP) method produces a rectangular flexion gap and if a balanced flexion gap could also be achieved by referencing the PCA. A total of 100 knee prostheses were analysed using the navigated GAP method, and flexion gap symmetry along with femoral rotation were recorded. The GAP technique resulted in a rectangular flexion gap with adequate femoral rotational alignment. If the PCA technique had been used, only 51% of the femoral components would have been implanted in correct femoral rotation; the remaining 49% would have implanted with flexion gap instability. The GAP technique produces a rectangular flexion gap. The referencing of the PCA was shown to be less reliable. Thus, modern knee prosthesis instrumentation should not base femoral rotation solely on the PCA.
Introduction
Femoral component rotation in total knee arthroplasty (TKA) is essential for patellofemoral tracking, flexion gap balance and normal kinematic function [14, [18] [19] [20] 24] . Femoral malrotation frequently causes patellofemoral and flexion gap instability, one of the most common complications after TKA [1, 3, [18] [19] [20] .
Proper rotational alignment of the femoral component is challenging and at least four different techniques exist: the bone landmark referencing procedures [orientation on the Whiteside line (WSL) [23] , the posterior condylar angle (PCA) [8] , the transepiconylar axis (TEA) [2] ] and the soft tissue-dependent balanced flexion gap (GAP) method [5, 22] .
The PCA technique is used by most of the conventional instruments for implantation of a TKA [2, 8, 11, 16, 21, 22] . Despite this fact, several studies indicate an alarming margin of error for the bone landmark referencing techniques, especially for the frequently used PCA method, with a rotational deviation range up to 29° [2, 6, 10, 14, 17, 21, 24] .
Recent in vivo experiments indicate a more precise rotational alignment of the femoral component when using the GAP technique in combination with a computer navigation device [24] .
The first goal of this study was to verify if the computernavigated GAP method produces a balanced, symmetrical flexion gap in routine clinical practice. The second goal was to evaluate whether the correct rotation of the femoral component, and therefore a rectangular flexion gap, could have been achieved using the PCA technique.
Materials and methods
Data from 100 patients suffering from primary gonarthrosis and receiving a primary total knee replacement between April 2006 and December 2007 were retrospectively analysed. The posterior cruciate ligament-preserving PFC implant (DePuy, Leeds, UK) was implanted in all of these patients. Imageless computer navigation was performed using the Ci Software (DePuy, Leeds, UK). As described above the soft tissue-dependent balanced flexion gap method (GAP technique) was used for rotational alignment of all femoral implants.
Surgical technique A standard anterior approach was used, and the joint was opened with a medial, parapatellar incision. The patella was briefly inverted for optional trimming and was then returned to its normal, intra-surgical position. The anterior cruciate ligament was sacrificed, and arrays for the navigation device were attached on both the femoral and tibial shafts. The navigation software was started and the following point clusters were recorded: hip rotation centre, medial and lateral malleolus, medial, lateral, anterior and posterior point of the tibial head, tibial slope, tibial anterior cortex, tibia plateau, medial and lateral femoral epicondyles, WSL, femoral anterior cortex and medial and lateral condyle. From these data the Ci Software calculated an optimal tibial resection. The tibial cut was made perpendicular to the mechanical axis of the tibia, followed by a verification of cut accuracy. In order to determine the extension and flexion gap, a tension device was inserted into the joint gap and distended in full extension and 90°flexion of the knee joint. Thereafter, ligament balancing was performed. For the knees with residual varus deformity, the superficial medial collateral ligament was released subperiosteally from the medial surface of the proximal tibia down to the level proximal to the insertion of the pes anserinus. For the knees with residual valgus deformity, the iliotibial band, followed by the lateral collateral ligament, were released in sequence. The tension device was again distended in extension and flexion in order to measure extent and symmetry of the joint gaps (Fig. 1) . The navigation system calculated the desired position and rotation of the femoral component, which was then adjusted to achieve a rectangular flexion gap (GAP method). The PCA was calculated by clusters of points acquired on the medial and lateral posterior condyles. With regard to the registration process of the PCA an accuracy of the navigation device of ±1°was assumed [12, 13] . The relationship of the planned femoral rotation to TEA, WSL and PCA, as recorded by the navigated registration process, is shown in Fig. 2 . Thereafter, the femoral bone cuts were performed, each followed by a verification step. Once the prostheses had been positioned correctly, the final implant position as well as flexion and extension gap symmetry were verified by the navigation system (Fig. 3) . All data were recorded by the Ci Software. A t-test was performed, and results were considered significant if the p value was <0.05.
Results
Complete data were available for 97 patients (97%). Navigation was aborted, and a conventional technique had to be implemented, for eight patients due to loss of the navigation arrays (8%).
Flexion gap asymmetry The average difference between medial and lateral joint gap in 90°flexion after tibial bone cut and ligament balancing was 3.6 mm (0-9.7 mm, SD: 2.4 mm). After implantation of the prostheses, the difference Rotation of the femoral implant As mentioned in the methods section the rotation of the femoral implant was compared to the registered PCA. Referencing the PCA the femoral components were implanted with an average external rotation of 4.4°(11.5°internal rotation -11.8°e xternal rotation, SD: 3.7°; Fig. 5 ).
The common fixed possibilities if using conventional instruments along with the PCA method for rotational alignment are 0°or 3°external rotation. In our study only 45 femoral components (51%) were implanted in 0°(±1°) or 3°( ±1°) external rotation referenced to the PCA. Hence, the remaining 49% of the prostheses would have been implanted with flexion gap instability using the PCA method. Furthermore, in 38 patients (44%) the femoral prosthesis would have been inserted in an internal malrotation.
Discussion
The proper rotation of the femoral component in total knee arthroplasty is essential in avoiding symptomatic flexion gap asymmetry and patellar complications [14, 17, 22] . A well-established guideline concerning femoral component rotation is to avoid an internal rotation of the implant, as such malrotation of the femoral component makes the patella appear laterally tilted and increases the Q angle [1, 18] .
It is generally accepted that the optimal rotation of the femoral component is parallel to the TEA, as the TEA approximates the flexion-extension axis of the knee [4, 6, 14, 22, 24] . However, finding the correct rotation during surgery is challenging because the tips of the medial and lateral epicondyles are often covered by soft tissue such as Fig. 3 Verification of the final flexion gap. After implanting the prosthesis the symmetry of the flexion gap is measured and compared to the intra-surgical planning. For this patient, the flexion gap difference of 4.0 mm after tibial cut and ligament balancing (Fig. 1) had been reduced to 1.0 mm Fig. 4 Average flexion gap asymmetry. The average differences between medial and lateral flexion gap before and after implantation of the femoral component are shown. After implantation of the femoral prosthesis the flexion gap asymmetry was significantly reduced from 3.6 mm to 0.9 mm (*p>0.001) Fig. 2 Relationship of the planned femoral rotation to TEA, WSL and PCA. The navigation software calculates the optimal femoral rotation to obtain a rectangular flexion gap. The differences between the rotation of the femoral component and the TEA (0.5°internal rotation), WSL (0.4°internal rotation) and PCA (5.4°external rotation) are shown collateral ligaments and are therefore difficult to locate exactly [9, 25] . Studies show an alarming margin of error. A femoral malrotation over 5°from the TEA was found in 83% of all cases where only bone landmarks, such as the epicondyles, were referenced for rotational alignment [21, 24] . A recently published anatomical study using computer navigation and the TEA technique showed that only 17% of the knees were rotated <5°from the referenced TEA [25] .
In vivo studies compared these bone landmark techniques (TEA, WSL, PCA) and the soft tissue-dependent GAP technique. It was shown that in order to achieve a proper rotation of the femoral component as well as a rectangular flexion gap the GAP method was superior [22, 24] . Therefore, this technique was chosen and combined with a computer navigation device.
In this study the GAP technique resulted in a rectangular flexion gap with a reliable rotational alignment of the femoral component. Similar results have been published by other workgroups [22, 24] . In contrast, Handa et al. performed an anatomical study and reported an external malrotation of the femoral component when using the GAP technique [7] . It should be noted that Handa et al. had not carried out ligament balancing before femoral rotational adjustment. However, when using the GAP technique, an adequate ligament release, resolving ligament contractions, is always obligatory before rotational alignment of the femoral component. Correct rotation cannot be achieved should this step be omitted.
A shortcoming of this study is that the femoral rotation, referencing the anatomical TEA, was not verified on a computed tomography (CT) scan. Studies have proven an accuracy of navigation devices of ±1° [12, 13] . But as mentioned above, referencing bone landmarks such as the epicondyles during the surgical procedure is always critical [9-11, 21, 24, 25] ; furthermore, a magnification of the measurement error due to the small distance to the knee joint occurs. Hence, the accuracy of navigation devices with respect to the rotational alignment of the femoral component by registration of the epicondyles or WSL is certainly more imprecise [25] . Hence, in our study no correlation between registered TEA and rotation of the femoral component was calculated as the assumed accuracy was too uncertain.
By contrast the registration process of the posterior condyles is not comparable to the registration and therefore calculation of the TEA: the reasons for the low accuracy of the registered epicondyles are covering soft tissue, an overhanging lateral patella and uncertain identification due to anatomical variations [9, 10, 21, 24, 25] . These limitations do not exist for the registration process of the posterior condyles: they are not covered by any soft tissue and are always identified clearly. Furthermore, the software calculates the PCA from point clusters acquired on the medial and lateral posterior condyles. Thus, the PCA is not calculated from simply two points anymore, but it is instead determined from approximately 150 points. Summing up; in our opinion there is no doubt that in view of the registered PCA the proven accuracy of ±1°for navigation devices can be assumed [12, 13] .
A central question in this work was whether the rectangular flexion gap could also be achieved by referencing the PCA for rotational alignment of the femoral component. The PCA method with a fixed external rotation of 0°or 3°is used by most of the conventional TKA instruments [15, 22] . This study identified a significant discrepancy between the PCA and the required rotation of the femoral component to Fig. 5 Rotation of the femoral component referencing the PCA. The differences between rotation of the femoral component and the PCA are shown. Only 45 femoral components (51%) were implanted in 0°(±1°) or 3°(±1°) external rotation referenced to the PCA. Furthermore by use of the PCA method 38 prostheses (44%) would have been implanted in an internal malrotation reach a rectangular flexion gap after ligament balancing. Hence, a correct rotational alignment of the femoral component would have been achieved for only 51% of the patients by using instruments which reference the posterior condyles with a fixed external rotation. The remaining 49% of the prostheses would have been implanted with flexion gap instability. Furthermore, 44% of the femoral components would have been implanted in an internal malrotation, an undoubtedly unfavourable situation. Analogous to these findings, other workgroups reported an inconsistent relationship between PCA and the correct rotation of the femoral component: This was especially true for valgus knee deformities, as the increased stress across the lateral joint surface leads to an increased abrasion of the lateral posterior condyle and therefore a greater PCA [6] . Furthermore, hypoplasia of the lateral posterior condyle is common in valgus deformities also resulting in an increased PCA [14] . In some patients PCAs differ up to 5°between the right and the left knee [6] . Others found a gender-specific difference between PCA and TEA [2] .
Conclusion
This study showed that the navigated, ligament balancing GAP technique leads to a rectangular flexion gap with a reliably adequate femoral rotation. An accurate ligament balancing, which minimises contractures, is mandatory before rotational alignment of the femoral component. Ongoing CTbased studies are necessary to verify femoral components rotation after the ligament balancing GAP technique.
Our findings indicate that the commonly used referencing of the posterior condyles is unreliable in achieving a correct rotation of the femoral component along with a rectangular flexion gap. Thus, modern knee prosthesis instrumentation should not base femoral rotation solely on the PCA. Furthermore, it should allow for a flexible rotational adjustment of the femoral prosthesis.
